Abstract: Background: Recombinant human keratinocyte growth factor (rHuKGF) has gained considerable attention by researchers as epithelial cells proliferating agent. Moreover, intravenous truncated rHuKGF (palifermin) has been approved by Food and Drug Administration (FDA) to treat and prevent chemotherapy-induced oral mucositis and small intestine ulceration. The labile structure and short circulation time of rHuKGF in-vivo are the main obstacles that reduce the oral bioactivity and dosage of such proteins at the target site.
INTRODUCTION
Recombinant human keratinocyte growth factor is a signaling molecule that binds to fibroblast growth factor *Address correspondence to this author at the Department of Pharmaceutical Technology, Faculty of Pharmaceutical Sciences, UCSI University, 56000, Kuala Lumpur, Malaysia; Tel: +60103782399; Fax: (+603) 9102 2614; E-mail: vijayarajkumar_p@yahoo.com receptor (FGFR2b) and stimulates wounds healing through distinct expression patterns [1] [2] [3] [4] . In-vitro, rHuKGF is a potent mitogen and acts as an important mesenchymal mediator for growth, differentiation and morphogenesis of a wide range of epithelial derived cells. It is noteworthy that rHuKGF expression is often linked to tissue expansion and wound repair [4] . In a variety of organs, targeted overexpression of rHuKGF in-vivo leads to hyperplasia of epithelial tissues [5] . Researchers reported an upregulation in cutane-ous wounds that are associated with rHuKGF expression which accelerates the repair process [6] and stimulate the thickening of the gastrointestinal tract (GIT) [7] . In addition, rHuKGF has been widely used for malignant patients under radio and chemotherapy to treat oral mucositis. Patients undergoing high dose chemotherapy followed by hematopoietic stem cell transplantation (HSCT) were prone to development oral mucositis. Palifermin, a FDA approved truncated rHuKGF, is being used for the prevention of severe oral mucositis. The clinical response to palifermin was related to mucosal epithelial protection, epithelial proliferation, apoptosis inhibition of epithelial cell, acceleration of immune reconstitution, inhibition of graft-versus-host disease in patients undergoing HSCT and reducing the severity and duration of oral mucositis in patients undergoing radio or chemotherapy [8, 9] . Furthermore, pediatric patients with hematological malignancies undergoing HSCT can be treated by palifermin because it is the safest drug to treat severe mucositis. It has also been used as a prophylactic drug to prevent the development of oral mucositis in pediatric patients who are at high risk [10] . Studies revealed that the blood concentration of palifermin declines in the first 30 minutes after a single IV dose administration and after 1 to 4 hours, there is a slight increase in the concentration followed by a terminal decline phase. Palifermin has an extravascular distribution showing a linear pharmacokinetic. Whereas, the clearance was 2-to 4-fold higher and the volume of distribution was 2-fold higher when compared with healthy subjects. The elimination half-life (t 1/2 ) was 4.5 hours and was the same for the two groups of subjects [11] . Nanoparticles (NPs) drug delivery has attracted the attention of researchers as a potential targeting strategy for protein drugs for internal healing. Human cells like intestinal epithelial cells are quite permeable to macromolecules and nanocarriers [12] [13] [14] . Active and passive mechanisms are the two major strategies for cell-specific targeting with NPs. Active mechanism depends on the interaction between receptors on the target cell and NPs. On the other hand, passive mechanism involves an increase in vascular permeability and maintains long-circulation of NPs at the targeted sites [15] . In vascular permeability and retention, NPs clearance by mononuclear phagocyte system (MPS) and the characteristics of NPs are important concepts in NPs-based drug delivery. Nanoparticles characteristics have a critical role in drug delivery; particles size < 200 nm, smooth texture and spherical shape [16] [17] [18] . Chitosan-based NPs have gained considerable attention due to their ability to protect and facilitate cellular uptake of several biopharmaceuticals including genes, proteins and anticancer drugs. Moreover, chitosanbased delivery systems provide versatility with respect to mucosal delivery and can be administered through various routes including oral, nasal, and pulmonary [19] [20] [21] [22] . Chitosan nanoparticles can be used to formulate oral delivery system for human growth factor. It was postulated that due to positive charges of the chitosan, it could adhere to the small intestinal mucosa, which has negative charges. In particular, this class of carrier holds tremendous promise in the areas of cancer therapy and controlled delivery of vaccines [23] . Chitosan as a mucoadhesive polymer has the potential to increase cellular permeability and improve the bioavailability of orally administered protein drugs. Recently, chitosan and poly gamma-glutamic acid were freeze-dried to produce pHsensitive nanoparticles and filled inside Eudragit L100-55 enteric-coated capsule for oral delivery of insulin. This preparation has proven that insulin was retained in the acidic environment of the stomach for a long duration without degrading and successfully brought to the small intestine promoting the intestinal absorption of insulin and extending the duration for blood glucose reduction for as long as 15 hours [24] .
The purpose of this study was to formulate methacrylic acid-methyl methacrylate copolymer-coated capsules and filled with chitosan nanoparticles loaded with rHuKGF for oral delivery. The pharmacokinetics parameters were determined using rabbit as animal model following single oral or IV administration of the prepared formulation. Furthermore, the effect on the proliferation of FHs 74 Int cells was investigated as well as the uptake of rHuKGF-loaded CNPs by these cells.
MATERIALS AND METHODS

Materials
Recombinant human keratinocyte growth factor (Sigma, USA), chitosan (Aldrich, Iceland), sodium tripolyphosphate (Sigma Aldrich, USA), trehalose (Merck, Germany), methacrylic acid-methyl methacrylate copolymer (1:1) 135,000 MW (Kollicoat MAE 100 P) (Sigma, Germany), KGF (FGF7) ELISA kit (abcam, UK), Rhodamine 6G (Sigma, Germany), Thiazolyl Blue Tetrazolium Bromide powder (MTT) (Sigma Aldrich, USA), DAPI (4',6-diamidino-2-phenylindole) (Sigma, Germany), FHs 74 Int (ATCC, USA), Hybri-Care Medium 46-X (ATCC, USA), GibcoTM Dulbecco's Modified Eagle's Medium (DMEM) (Thermo Fisher Scientific, USA) and veterinary capsules size 5 for rabbits (Torpac Inc., USA).
Preparation and Optimization of rHuKGF-loaded CNPs
The rHuKGF-loaded CNPs were prepared by ionic gelation method with modification, between low molecular weight chitosan and tripolyphosphate (TPP) [25] . Based on the optimization procedure designed by Fan et al [26] . After the preparation of NPs, 17.5 µL of trehalose (40 mg/ml) was added as a cryoprotectant [27] . The mixture was frozen in an ultra-low temperature freezer at -80 °C for 24 hours [28] . Finally, the frozen NPs were lyophilized using a freeze dryer and rHuKGF-loaded CNPs were obtained into powder form.
Characterization of Nanoparticles
The size, polydispersity index (PdI), and zeta potential of the prepared NPs were measured by Zeta Sizer. The morphological characteristics of CNPs were measured by field emission scanning electron microscope. To determine the loading capacity, rHuKGF-loaded CNPs were mixed with ultra-pure water then centrifuged 3000 rpm at 4 °C for 15 minutes, the amount of free rHuKGF was measured in the clear supernatant by KGF (FGF7) ELISA kit [29] . Finally, loading capacity was calculated according to the following equation:
=
Loading capacity
Total rHuKGF − FreerHuKGF Nanoparticles weight × 100
rHuKGF Content Analysis
ELISA test was used for quantitative determination of rHuKGF [30] . Samples were diluted when necessary based on the sensitivity of ELISA reader (FLUOstar Omega, BMG LABTECH, Germany). Finally, rHuKGF concentration was measured by mean optical density (O.D) values, recorded at 450 nm ± S.D, n=6.
Capsules Filling and Coating with Kollicoat MAE 100 P
Veterinary hard gelatin capsules size 5 (Body: 9.32 mm in length and 4.68 mm in diameter, Cap: 6.91 mm in length and 6.20 mm in diameter, for rabbit) were uniformly filled by appropriate capsules filling funnel (Torpac, X-5, USA) with 40 mg of loaded CNPs to obtain the required dose of rHuKGF along with lactose as a diluent. The prepared capsules were coated with Kollicoat MAE 100 P by dip coating method [31] . Briefly, capsules were held by forceps and dipped into the coating suspension (Kollicoat MAE 100 P 62.5 g, triethyl citrate 6.25 g, talc 26 .25 g, titanium dioxide 5 g, acetone 342.9 g, isopropanol 514.2 g and water 42.9 g) in and out for fifteen times. The coating film was dried with a steam of warm air after each dip.
In-vitro Dissolution Studies
Dissolution studies of rHuKGF capsules were performed by USP dissolution test apparatus I (Basket apparatus) (Electro Lab, TDT08L) at 100 rpm, with 900 mL solution at 37 ± 0.5 °C [32] . Briefly, 6 capsules were placed in a 0.1M HCL solution for 2 hours and samples were collected every 30 minutes repeated to 2 hours. After 2 hours, the previous buffer was replaced by pH 5.5 buffer and the same procedure was repeated for 2 hours. Finally, pH 5.5 buffer was replaced by pH 7.4 phosphate buffer in each vessel where the capsules had maintained for 6 hours. The samples were analyzed for rHuKGF content by ELISA test.
Morphological Characterization and Cells Proliferation
Structural characterization of FHs 74 Int cells was observed under a light microscope (Axio Vert.A1, Carl Zeiss, Germany), and the cells count was measured by hemocytometer cells counting protocol. Cells proliferation was analyzed by MTT assay, as described by Mosmann [33] . Briefly, cells were seeded in 96-well plates in 100 μL of culture medium at a density of 1x10 4 cells/well and grown for 24 hours in culturing medium. The cells were then washed 3 times with PBS, then treated with 100 μL of CNPs prepared in Hybri-Care Medium, rHuKGF solutions with concentrations from 10 to 50 ng/mL and rHuKGF-loaded CNPs solutions with concentrations from 10 to 50 ng/mL (positive control). The plates were then incubated at 37°C, 5% CO2 and 90 % humidity for 24 hours after which 10 μL of MTT reagent was added directly into each well. The plates were then incubated for additional 3 hours under same atmospheric conditions until purple precipitate was visible and 100 μL of the detergent reagent was added, then the plates were incubated at room temperature in the dark for 2 hours. The optical density was measured at 570 nm using a spectrophotometric microtiter plate reader (FLUOstar Omega, BMG LABTECH, Germany) against blank wells, with only DMEM, to subtract background absorbance at 690 nm. Cells incubated with DMEM without CNPs were used as a negative control [33] [34] [35] [36] [37] .
Preparation of Rhodamin 6G-labeled rHuKGFCNPs
Freeze-dried rHuKGF-CNPs were re-dispersed in 5 mL dimethyl sulfoxide solution followed by the addition of 0.5 mL NaOH (0.1 M) and rhodamine 6G was dissolved in methanol at 10.0 mg/mL concentration. The reaction was allowed to proceed for 4 hours in the dark at room temperature [38] . The prepared rhodamine-labeled rHuKGF-CNPs were centrifuged and washed several times with methanol until the free rhodamine 6G could not be detected in the supernatant. Then NPs were separated by centrifugation and resuspend in 5 mL phosphate-buffered saline (PBS).
Fluorescence Microscopy Imaging for Cellular Uptake Assessment of rHuKGF-CNPs
A Zeiss Axio Vert.A1 inverted microscope (Carl Zeiss, Germany) equipped with HBO 50 W mercury vapor lamp and exciter/emitter filter combinations was used. Filter 43 (550 nm excitation and 573 nm emission) to observe rhodamine-labeled CNPs and filter 49 (359 nm excitation and 457 nm emission) to observe DAPI-stained cells. Cells were seeded at 1x 10 5 cells/well. Cells were then transferred to microtubes and the growth medium was then changed to serum-free medium supplemented with rhodamine-labeled rHuKGF-loaded CNPs (100 μg/mL) and incubated for 6 hours. Immediately after incubation, the cells were washed with PBS and fixed by 100 μL of 37% formaldehyde then incubated for 10 minutes at room temperature followed by further washing steps. Cells were separated with centrifugation at 3000 rpm and the supernatant was removed, then 10 μL of DAPI stain (1 μg/ml) was added. The cells were incubated in the dark for 20 minutes. Then cells were separated, suspended in 20 μL of PBS and 1 μL of this suspension was placed onto a glass slide, then sealed with a coverslip. Images were captured, under standardized setting and exposure time, by fluorescent microscope and Zen 2012 software (Blue Edition) was used for images analysis.
Pharmacokinetic Parameters
The population was comprised of 9 females, 12-weekold, New Zealand white rabbits (Oryctolagus cuniculi; One Stop Rabbit Farm and Trading, Selangor, Darul Ehsan, Malaysia) with average weight of 1.5 ± 0.1 kg. All the methods were performed in accordance with the guidelines and experimental protocols approved by ethics committee of Faculty Research and Scholarly Activity (FRSA), Faculty of Pharmaceutical Sciences, UCSI University Animal Care and Use Committee (Ref: UCSI/Pharmacy/2014/FRGS/ Approval/01). The rabbits were divided into 3 groups of each n=3, group 1 animals given placebo as a control, whereas group 2, fasted animals, was given a formulation of rHuKGF (60 μg/kg) by IV injection. Group 3, fasted rabbits, was received an equivalent dose of lyophilized rHuKGF-loaded CNPs filled into capsules size 5 coated with methacrylic acid-methyl methacrylate copolymer. The capsule was administered through oral wooden gag with a central opening of 9 mm diameter. The capsules were placed deep into the throat through the opening and immediately 20 mL of water was given by a syringe to facilitate swallowing of the capsule intact and to prevent it from sticking to the animal's throat. After local anesthesia of ears with a topical lidocaineprilocaine cream (EMLA, AstraZeneca, Wayne, PA), samples, 0.5 ml, of blood were collected in serum separatortubes before and after rHuKGF dosage from 0 to 16 hours. After clot formation, the tubes were centrifuged at 2000 rpm for 10 minutes at 20°C using Beckman centrifuge. The serum was separated and stored at -80°C for further analysis. The amount of rHuKGF present in the serum was determined by KGF (FGF7) ELISA kit. The area under the serum rHuKGF versus time curves (AUC0-16 hours) following the IV injection of rHuKGF, and oral administration of rHuKGF-loaded CNPs capsules was calculated using the linear trapezoidal rule. The elimination rate constant, t1/2, apparent volume of distribution (Vd), clearance (Cl) and absolute bioavailability (%F) were measured as well.
Data Analysis
Each experiment was performed independently in triplicate at least. Statistical analysis was performed by GraphPad Prism Software 7.0c (La Jolla, CA). For cellular uptake and proliferation studies, the difference between each group was tested by two-way ANOVA analysis of variance, followed by the Dunnett's multiple comparisons test for betweengroup comparisons. Animals' grouping was performed in a randomized manner. The pharmacokinetic data were calculated using Pharmacological Calculation System, version 4.2 by Springer Verlag, USA. The statistical analysis of the difference between each group was tested by one-way ANOVA, followed by the Post hoc test for between-group comparisons. All Results are presented as mean ± SD. Statistical significance was defined as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Significance was accepted at P < 0.05.
RESULTS AND DISCUSSION
Preparation and Optimization of rHuKGF-loaded CNPs
The rHuKGF-loaded CNPs were prepared based on ionic gelation method. Parameters such as concentration, pH and temperature of chitosan solution were optimized. In addition, the concentration and the temperature of tripolyphosphate (TPP) solution and the ratio between chitosan and TPP (1:3.3) were optimized as well [39] . Initially, rHuKGFloaded CNPs were prepared without cryoprotectant. During lyophilization process, the prepared NPs were aggregated. Therefore, trehalose was added as a cryoprotectant to prevent NPs aggregation during the formation process.
Characterization of Nanoparticles
According to our previous reports [39, 40] , the produced rHuKGF-loaded CNPs were spherical, colorless, cloudy, positively charged and in a monodisperse system with a particles size of 119 ± 74.62 nm, surface charge of +20.3 ± 6.46 mV and 0.217 PdI. The loading capacity of the prepared CNPs was found to be 93.3 ± 2.02%. Continuous monitoring and detection system was designed as well to detect the formation of CNPs and measure the amount of TPP required to convert all chitosan molecules presented in the solution into NPs.
Weight Determination of Capsules Filled with rHuKGF-loaded CNPs
The weight of 6 empty capsules was measured as well as the amount of rHuKGF-loaded CNPs and lactose that filled. The results as mean weight ± S.D are shown in Table 1 . 
In-vitro Dissolution Studies
Dissolution studies results revealed that the methacrylic acid-methyl methacrylate copolymer-coated capsules prevented the release of rHuKGF at pH 1.2, simulated stomach pH, Fig. (1) . Once the coated capsules that filled with rHuKGF-loaded CNPs placed into medium with pH >5.5, simulated small intestine pH, the coating film started to dissolve and allowed the release of rHuKGF up to 70% within 4 hours and in pH 7.4 the cumulative percentage release has reached 89.5% within 6 hours. Whereas, the pure rHuKGF reached the higher release of 98.7% within the first 30 minutes at gastric pH and start to decrease gradually, this is mainly due to acidic degradation [41] .
Cell-lines Studies
Light microscope images show the characteristic morphology of FHs 74 Int cells, such as oval shaped nucleus and an adherent epithelial cell type (Fig. 2) . The viability of the FHs 74 Int cells according to MTT assay before and after exposure to rHuKGF-loaded CNPs, rHuKGF and CNPs only is shown in Fig. (3) . There was a significant increase observed in the percentage cell viability of FHs 74 Int cells when exposed to rHuKGF-loaded CNPs and rHuKGF only at a concentration of 50 ng/ml, p < 0.05. The findings, therefore, indicated that CNPs are not cytotoxic to the cell lines investigated. The MTT assay results confirmed that CNPs could deliver the loaded rHuKGF to the intercellular compartments of the FHs 74 Int cells since a drastic increase of the proliferation rate was observed with the positive control cells, p < 0.05. Fluorescence microscope imaging revealed that the FHs 74 Int cellular uptake of rHuKGF-loaded CNPs is timedependent, (Fig. 4) , (images were taken at 1, 3 and 6 hours incubation time, after repeated washing with PBS). The rhodamine-labelled rHuKGF-loaded CNPs were localized next to the nucleus, this indicates that a portion of the rHuKGFloaded CNPs were taken up by means of endocytosis and thereby localized inside the cells. The NPs have formed intracellular aggregates, which yielded to a punctuated staining pattern that increased by time, from 1, 3 and 6 hours, Fig.  (4C, 4F and 4I) respectively.
Animal Studies
Therefore, cellular internalization of the prepared rHuKGF-loaded CNPs was time-dependent and the uptake efficiency was enhanced by mucoadhesive and absorption enhancement properties of chitosan, p < 0.05. The endocytosis pathway is the only uptake mechanism by which intracellular lysosomal/phagosomal localization of NPs can be justified [42] [43] [44] . On the other hand, no difference observed in the percentage cell viability for cells seeded with CNPs only, Fig. (3) .
Kollicoat MAE 100 P capsules filled with rHuKGFloaded CNPs, were developed and optimized for oral delivery Fig. (1) . Graph shows the release behavior of rHuKGF in 3 buffer media with pH 1.2, 5.5 and 7.4. Data are expressed as mean ± S.D (n=6). The release of pure rHuKGF was 98.7 % at pH 1.2 within 15 minutes and decreased to 40.5 % during the first 1.5 hours, *p < 0.05. On the other hand, none of the withdrawn samples of rHuKGF-loaded CNPs formulation were exhibited a rHuKGF release within 2 hours in phosphate buffer pH 1.2. After replacing the phosphate buffer pH 1.2 with phosphate buffer pH 5.5, the withdrawn samples started to show rHuKGF cumulative percentage release of 46.9 ± 2.72 % within 2.5 hours and reached 70.1 ± 4.70 % within 4 hours. Finally, with phosphate buffer pH 7.4, the withdrawn samples showed an increase in the amount of rHuKGF released to 74.7 ± 4.08 % after 4.5 hours and reached 89.5 ± 2.77 % within 6 hours, ****p < 0.0001. (A higher resolution / colour version of this figure is available in the electronic copy of the article). of rHuKGF. The mucoadhesive and absorption enhancement properties of chitosan and the protective effect of methacrylic acid-methyl methacrylate copolymer against rHuKGF release into stomach were combined to promote and ensure rHuKGF intestinal absorption [45, 46] . The pHdependent solubility, swelling and erosion of methacrylic acid-methyl methacrylate copolymer increased as the pH increases. This polymer can dissolve rapidly upon deprotonation of carboxylic acid groups at specific pH values. Wherefore, the release profiles of these NPs exhibited significant pH-sensitivity [47] . It has been reported that microspheres of acrylic acid and methyl methacrylate did not adhere to gastric-mucosa at pH 1.2 but showed mucoadhesion to intestinal mucosa at pH 6.836. Thus, these NPs on oral administration, would release the drug in intestinal, suggesting the potential intestinal targeted drug delivery system. The pharmacokinetic parameters were determined based on the serum rHuKGF levels, following single IV or oral dosages using rabbit as animal model. The rHuKGF exhibited linear pharmacokinetics/ a one-compartment model with first-order kinetics in the dose of 60 μg/kg after single-dose administration. Summary of rHuKGF pharmacokinetic parameters after rHuKGF administration is presented in Table  2 . The IV group exhibited a rapid increase in serum rHuKGF levels up to 328.95 pg/μl over 15 minutes of administration, (Fig. 5) . Whereas, the oral administration of rHuKGF-loaded CNPs exhibited slower absorption and sustained elimination, reaching a maximum serum rHuKGF levels after 4 hours (197.12 pg/μl). Ideally, this delay can be explained as rHuKGF remains associated with CNPs in gastric conditions, and it is only released at the intestinal pH where the absorption potential is optimal [48, 49] . Following a pH change to ≥ 5.5, a rapid release pattern was observed, characterized by a release during the first hour, (Fig. 5) . The elimination of the IV dose was rapid when compared to the oral dose, with terminal t 1/2 of 2.4 hours and 11 hours respectively. Moreover, the serum rHuKGF levels of the oral group were significantly different from that of the IV group P < 0.05. The AUC of orally administered NPs was 2461.65 pg/h/μL and 1452.58 pg/h/μL for the IV dose. The median AUC to infinity was 20672.39±23.47 (pg/h/μL) for oral administration and 5082.27±18.94 (pg/h/μL) for IV administration. The corresponding absolute bioavailability for the oral dose was calculated to be 69%. The serum levels of rHuKGF detected 
IV dosage
initially following the oral dose as seen in Fig. (5) , revealed that the absorption of rHuKGF was to a higher extent from the developed NPs. Subsequent continuous absorption of rHuKGF, over 4 hours, is due to the ongoing sustained release of rHuKGF during NPs adhesion to the intestinal mucosa, and mainly due to the passage of NPs to the posterior small intestine, contributing to the serum level of rHuKGF. Despite mucoadhesive properties, CNPs slide along the intestine maintaining their physical structure. In fact, chitosanbased NPs have shown mucoadhesive capacities in-vitro, and concomitant slow upper small intestinal transit in-vivo, but this intestinal retention was limited to a few hours [43, 50] . The arrival of CNPs to the posterior intestine occurs in a few hours, and due to the maintained adhesive properties, uptake is promoted [51, 52] . The prepared CNPs appeared to stabilize and protect entrapped rHuKGF from degradation in the GIT, as rHuKGF was detected in high concentration in serum following the oral administration.
CONCLUSION
The study revealed that the physicochemical characteristics of the chitosan-based NPs have promoted oral administration of rHuKGF-loaded NPs filled in methacrylic acidmethyl methacrylate copolymer-coated capsules and it is practically alternative to the IV route since the absolute bioavailability of orally administered rHuKGF-loaded CNPs, using rabbit as animal model, was 69%. The study explained the systemic exposure of rHuKGF by AUC of oral dosage when compared to IV dosage. Fluorescence microscope imaging revealed that the FHs 74 Int cellular uptake of rHuKGF-loaded CNPs is time-dependent, followed by significant increase in the percentage cell viability. 
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